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FOREWORD 

For  soino  tirao  the  British  Y/o lding  Rusoarch  Association  has  been  con- 
duscting  on  Behalf  of  the  Ministry  of  Supply  an  investigation  having  as 
its  main  objective  tho  development  of  high  tensile  weldable  structural 
stools. 

The  following  reports  in  this  series  have  already  been  issued 

W.R. (d)  2/52  - "Correlation  of  Voidability  Tests  with  Structural  Joints" 

W.R.  (D)  2/53  - "Austenite  Transformation  Characteristics  in  Relation  to 
Hard-Zone  Cracking  in  Welded  Low-Alloy  Steels", 

In  the  course  of  the  research  a large  number  of  low  alloy  steels  have 
been  investigated  and  two  in  particular,  known  as  stoels  A and  B of  the 
typical  compositions  given  below,  have  been  shown  to  combine  good  weld- 
ability with  satisfactory  mechanical  properties  in  the  normalised  and 
normalised  and  tempered  conditions, 

C Mn  Si  S P Ni 

0,13/0,17  0.80/1.0  0,3  m.  0.035  max.  0.035  max.  0.5/0. 7 


Cr  Mo 

0. 8/1.0  0.20/0.25  per  cent. 


C Mn  Si  S P Ni 

0.13/0.17  1.0/1. 2 0.3  max.  0.035  max.  O.C35  max.  0.2  max. 


Cr  Mo 

0.5/0. 7 0.20/0.25  per  cent. 


Steel  A 


Steel  B 


In  the  interests  of  providing,  alternative  steels  economising  in  - 
molybdenum,  the  B.S.A.  Group  Research  Centre  suggested  that  this  element 
could  be  effectively  replaced  wholly  or  in  part  by  vanadium  and  with  the 
agreement  of  the  Ministry  of  Supply  they  prepared  some  experimental  melts 
of  vanadium  bearing  steels  based  on  the  composition  of  Steels  A & B.  In 
addition  to  preparing  tho  alloys,  the  Research  Centre  also  investigated 
mechanical  properties  and  microstructures  in  the  form  of  bar  ij"  dia.  and 
place  f " thick,  both  in  the  normalised  and  tempered  condition.  The  results 
of  this  work  arc  given  in  Part  I of  tho  present  report. 

In  order  that  the  weldability  of  these  alloys  could  be  assessed  in 
relation  to  the  other  experimental  alloys  previously  examihed  by  the 
B.W.R.A.,  plates  §"  thick  in  each  of  the  vanadium  alloys  were  supplied  to 
the  B.Y/.R.A.  by  tho  B.S.A,  Group  Research  Centre.  The  resulting  tests  by 
B.Y7.R.A.  were  described  in  B.7.R.A.  Report  li.O.S/L.21 , which  forms  Part  II 
of  the  present  report. 

Since  the  results  described  in  Parts  I and  II  applied  to  comparatively 
thin  plates  of  the  vanadium-bearing  steels,  it  was  thought  desirable,  to 
carry  out  mechanical  toots  of  the  plates  normalised  so  as  to  reproduce 
conditions  equivalent  to  those  resulting  from  treating  thick  plate.  The 
results  of'  these  tests  by  B.U.R.A.  were  given  in  B.Vf.R.A.  Report  M.O.S/L.27, 
which  is  reproduced  as  Part  III  of  this  Report. 


PART  X 


THE  mJBlXXU,  PHOEBICPIBS  OP 
VANADIUM  - BL'JOTG  HIGH  WUIISJ  VOIDABLE  STEELS 


By  . 

The  B.S.A.  Group  Research  Centre,  Sheffield  - > 

1.  INTRODUCTION 

The  British  Welding  Research  Association  has  carried  out  a'  consider- 
able amount  of  research  work  in  the  development  of  high  tensile  weldable 
steels.  As  a result  of  this  work,  two  steels  have  been  selected  ’which 
•combine  good  weldability  with  satisfactory  mechanical  properties  in  the 
normalised  and  the  normalised  and  tempered  conditions,  at  the  section 
sises  investigated.  Both  steels  are  alloyed  -with  Mn,  Ni,  Cr  and  Mo;  the 
actual  chemical  compositions  are  given  in  Table' I below  (Steels  A and  B). 

I 

In  reaching  these  two  steels,  the  effects  of  variations  in  Mn,  Ni  and 
Cr  contents  had  been  studied,  but  the  Mo. content  had  been  maintained 
throughout  at  a constant  value  of  0.25%.  ■ It  was,,  suggested  by  the  B.S.A. 
Group  Research  Centre  that  Mo  cbuld  be  effectively  replaced  by  other  alloy- 
ing elements,  notably  V,  and  that  the  effects  of  this  substitution  should 
be  studied  in  view  of  existing  and  possible  future  difficulties  in  the  world 
supply  of  molybdenum.  This  suggestion  was  accepted  and  the  B.S.A.  Group 
Research  Centre  undertook  to  prepare  suitable  experimental  melts  of  V- 
becring  steels,  to  investigate  their  mechanical  properties  and  to  supply 
material  for  v/e liability  tests  to  be  carried  out  by  B.W.R.A. 

This  Report  describes  the  preparation  of  the  experimental  steels, 
their  heat  treatment  and  their  mechanical  properties. 

2.  DETAILS  OF  EXPERT! iENTAL  WORK 

(a)  Specification  and  Actual  Composition  of  Experimental  Melts 

■ The  specification  for  the  six  experimental  melts,  1 to  6,  based 
on  the  two  B.W.R.A.  steels  A and  B,  with  the  Mo  content  omitted  or 
reduced,  and  with  additions  of  V,  as  shown  in  Table  I, 

TABLE  I 

Specifications  of  Six  Experimental  Vanadium-Bearing  Steels 
(Wt.  per  cent) 


SPECI- 

FICATION 

c 

Mn 

Si 

S 

p 

Ni 

Cr 

Mo 

- 



V 

A 

0.13 

0.80 

0.3 

0.035 

0.035 

0.5 

0.8 

0.20 

-0.17 

-1.0 

Max 

Max 

Max 

-0.7 

-1.0 

-0.25 

1 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

- 

0.15 

2 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

- 

0.10 

3 

do. 

do. 

do. 

do* 

do. 

do. 

do. 

0.10 

0.10 

1.0 

0.2 

0.5 

0.20 

B 

do. 

-1.2 

do. 

do. 

do. 

Max 

-0.7 

-0.25 

- 

1 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

- 

0.15 

2 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

- 

0.10 

3 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

0.10 

0.10 

Three  2C  lb.  liigh  frequency  furnace  molts  v/ere  made  to  each  of  the 
six  specifications,  and  a single  14  lb,  ingot  cast  from  each  melt.  The 
chemical  compositions  of  tin.  eighteen  ingots  are  given  in  Table  II. 
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TABLE  II 


Chomical  Compositions  of  Stoola  Made  to  Specifications  1 -6 


CAST 

NO. 

C 

Mn. 

Si 

S 

P 

Ni 

Or 

V 

Mo 

SPECI- 

FICATION 

3207 

0.12 

0.57 

0.11 

0.021 

0.012 

0.75 

0.87 

0.22 

1 ’ 

3208 

0.17 

0.69 

0.11 

0.021 

0.010 

0.70 

0.90 

0.22 

- 

1 

3209 

0.16 

0.69 

0.10 

0.025 

0.010 

0.76 

0.89 

0.23 

- 

1 

3210 

0.15 

0.78 

0.09 

0.025 

0.010 

0.73 

0.92 

0.1A 

- 

2 

3211 

0.18 

0.7A 

0.05 

0.021 

0.010 

0.83 

0.88 

OJA 

- 

2 

3212 

0.19 

0.90 

0.05 

0.021 

0.011 

0.83 

0.90 

0.12 

- 

2 

3213 

0.16 

0.86 

0.18 

0.018 

0.010 

0.79 

0.97 

0.1A 

0J9 

3 

321 A 

0.17 

0.99 

0.20 

0.021 

0.010 

0.78 

0.95 

OJA 

0J9 

3 

3215 

0.17 

0.85 

0.13 

0.028 

0.010 

0.75 

0.96 

0.10 

0.21 

3 

3216 

0.20 

1 .2A 

0.16 

0.025 

0.010 

0.10 

0.71 

0.25 

A 

3230 

0.17 

1.23 

0.15 

0.021 

0.010 

0.10 

0.70 

0.19 

- 

A 

3231 

0.16 

1.13 

0.15 

0.020 

0.010 

0.00 

0.68 

0.20 

- 

A 

3232 

0.15 

1.21 

0.16 

0.022 

0.010 

0.1A 

0.68 

0.18 

5 

3233 

0.13 

1.13 

0.1A 

0.02A 

0.011 

0.12 

O.69 

0.12 

- 

5 

3238 

0.15 

0.97 

0.17 

0.022 

0.011 

Trace 

0.62 

0.13 

- 

5 

3239 

0.16 

1 .08 

0.06 

0.022 

0.010 

Trace 

0.6° 

0.15 

0.15 

6 

32AO 

0.15 

1.13 

0.13 

0.022 

0.010 

Trace 

0.62 

0.13 

0.13 

6 

32A1 

0.15 

0.9A 

0.09 

0.023 

0.010 

Trace 

0.68 

0.12 

0.17 

6 

There  are  rather  wide  variations  in  those  compositions,  hut  it  was 
decided  to  proceed  with  the  further  examination  of  the  steels.  Two  ingots 
from  each  set  of  three  wore  forged  to  plate  A inches  wide  by  5/8  inche's 
thick  for  weldability  testing,  and  the  third  to  1.1/A  inch  diameter  bar. 

These  two.  section  sizes  are  equivalent ■ in  that  they  cool  at-  similar  rates 
(according  to  B.S.  971,  5/8  inch  thick  pLate  is  equivalent  to  1.23  inch 
diameter  bar,  in  air  cooling).  The  bar  material  was  prepared  from  the  last 
ingot  in  each  set,  as  tabulated  in  Table  H. 

b)  Heat  Treatment  of  Bar  Material 

Each  l.l/A"  diameter  bar  was  cut  into  four  sections,  of  which 
two  -were  designated  X and  two  Y.  All  the  bar  material  was  then  heat 
treated  as  follows 

Bars  X ....  Normalise  from  900°C,  Temper  at  §00 °C  for-  1 hour. 

Bars  Y ....  Normalise  from  900c'C,  Temper  at  650°C  for  1 hour. 

The  bars  were  allowed  to -air  cool  from  the  tempering  temperature 
-in  order  to  check -on  the  possibility  of  temper  brittleness  in  the  absence 
of  molybdenum. 

c)  Mechanical  Properties  of  Bar  Material 

The  heat-treated  bars  wore  machined  to  form  standard  Izod  and 
.tensile  test  pieces,  and  subjected  to  test.  Hardness  measurements  were 
also  made.  The  results  are  given  in  Table  III. 
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TABLE  III 


Meohanioal  Properties  of  Six  Vanadium-Bearing:  Steels 
'Bara  X ....  Normalised  900°0,  Tempered  500°C/l  hour,  air  cool. 
‘Bars  Y " 900°C,  " 650°C/l  hour,  " 11 


Mark 

Yield  Ioint 
(0.2}j  Proof 
(tons/sa.in, ) 

?,iax  Stress 
(tons/sq.in. ) 

Elongation 
per  cent. 

Reduction 
in  area 
per  cent. 

Iznd 
Impact : 
ft.  lb. 

3209X 

32.0 

41  • 8 

28.0 

6 1.6 

62,!  57  , 80. 

320?Y 

3 0.4 

' 39.6 

29.0 

64.O 

70„73,  35. 

321 2X 

33.6 

44.0 

25.0 

, 57.2 

44,  70,  40. 

321 2Y 

33-6 

43.2 

24.0 

61.6 

57,  66,  73. 

321 5X 

34.0 

' 44.7 

21.0 

30.0 

35,  27,  26. 

321 5Y 

36.4 

44.8 

22.0 

. 59.6 

76, .76,  73. 

3231X 

29.6 

39.6 

30.0 

66.0 

85,  88,  92. 

3231 Y 

2°.6 

38.0 

30.0 

72.5 

91,  92,  98. 

3238X 

26.0 

35.2 

35.0 

72.5 

96,  94,  92. 

3238Y 

26.0 

• 34.0 

35.0 

72.5 

95,  97,  96. 

3241  x 

27.6 

38.0 

30.0 

66.0 

85,  83,  82. 

3241 Y 

29.2 

36.4 

30.0 

66.0 

85,  93,  93. 

The  B.W.R.A,  steels  A and  B,  cn  which  these  six  vanadium-bearing  steels 
are  based,  were  intended  to  have  an  0.255  Proof  stress  of  not  less  than 
30  t.s.i.  in  the  normalised  and  tempered  condition.  The  data  in  Table  III 
show  that  this  strength  level  is  maintained  in  steel  A when  vanadium  is 
substituted  for  molybdenum  and  even  when  the  vanadium  content  is  reduced  to 
0.12>J.  In  steel  B on  the  other  hand  the  0.2io  proof  stress  falls  to  2 9.6 
t.s.i.  when  a direct  replacement  of  vanadium  for  molybdenum  is  made,  and  to 
26.0  t.s.i.  when  a reduced  vanadium  content  is  used. 

The  ductility  of  all  the  steels  is  good  in  relation  to  their  strength 
■and  the  Izod  impact  value  at  room  temperature  is  also  very  high,  except  in 
specimens  3212X1  and  3215X,  Even  in  these  specimens  the  Izod  toughness  is 
only  poor  in  a comparative  sense,  and  may  indicate  poor  quality  steel  rather 
than  inherent  poor  toughness. 

In  general  the  specimens  tempered  at  650°0  tended  to  be  better  in 
yield  ratio,  ductility  and  toughness  than  those  tempered  at  300°C. 

d)  Heat  Treatment  and  Mechanical  Properties  of  Plate  Material 

The  plate  material  was  all  heat  treated  by  normalising  at  ?00°C, 
and  tempering  at  650°C  for  1 hour,  air  cooling  after  tempering. 

Because  of  the  variations  in  chemical  composition  in  the  experimental 
steels,  it  was  decided  to  carry  out  check  mechanical  tests  on  samples 
cut  from  the  heat  treated  plates.  The  results  are  given  in  Table  IV, 
together  with  the  cognate  data  on  the  bar  material  repeated  from 
Table  III. 
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TABLE  IV 

Mochanioal  Properties  of  Six  Experimental'  Stools 

(5/8".  thick  plate,  normalised  ?00°0,  tempered  f>50°C/l  hour) 
(1.1/4"  diam.  bar,  " " " " 


Spec. 

Cast. 
, No. 

Material 

0.2/  Proof 
Stress 
(t. s.i. ) 

Ultimate 

Tensile 

Stress. 

(t.s.i.) 

Elongation 
(per, cent) 

Reduction 
of  Area 
(per  cent.) 

1 

3207, 

plate 

28.0 

37.2 

35 

72 

3208 

l» 

35.0 

43-6 

32 

70 

3209 

bar 

30.4 

39.6 

29 

64 

2 

3210 

plate 

33.3 

41.3 

34 

70 

3211 

32.4 

43.2 

31 

70 

3212 

bar 

33.6 

43.2 

24.0 

61.6 

3 

3213 

plate 

42.6 

5 0.6 

26 

67 

3214 

it 

'45.2 

54.0 

22 

. 64 

3215 

bar 

36.4  , 

44.8 

22.0 

59.6 

3216 

plate 

32.1 

42.3 

31  . 

67 

3230 

It 

32.4 

41.6 

29 

70 

3231 

bar 

29.6 

38.0 

30.0 

72.5 

5 

3232 

plate 

29.2 

38.2 

36 

72 

3233 

It 

27.7 

35.3 

41 

75 

3238 

bar 

26,0 

34.0 

35.0 

72.5 

6 

3239 

plate- 

35.2 

43.8 

29 

10 

3240 

II 

34.9 

42.0 

34 

72 

3241 

bar 

29.2 

■ 36.4 

30.0 

66.0 

When  due  allowance  has  been  made  for  composition  variations,  in  part- 
icular with  respect  to  carbon  content,  it  is  clear  that  the  plate  material 
exhibits  higher  values  of  proof  stross  and  ultimate  tensile  stress  than  the 
bar  material.  This  could  be  due  to  the  different  forging  conditions,  since 
the  plate  material  was  subjected  to  a greater  degree  of  hot  work,  in 
flattening  out  to  4 inch  by  5/8  inch  section,  than  was  the  bar  material. 
However,  a further  possible  cause  of  variation  was  in  the  microstructure 
produced  by  heat  treatment. 

e)  Microscopic  Examination 

Samples  of  all  eighteen  experimental  steels  were  taken  from  the 
heat  treated  test  specimens  after  mechanical  testing,  care  being  taken 
to  select  specimens  which  had  not  boon  cold  ‘worked  in  the  testing 
process.  These  samples  wore  polished  and  etched  in  2 per  cent.  Nital 
and  the  structures  examined  under  the  microscope. 

The  microstructures  wore  variable,  but  all  showed  ferrite  as  a 
major  constituent.  The  carbide  phase  was  present  either  as  a fine  pear- 
lit  e or  troostite  or  as  tempered  martensite;  both  were  present  in  some 
cases,  in  varying  proportions.  The  actual  grain  size  was  considerably 
smaller  in  the  specimens  taken  from  plate  than  in  those  taken  from  bar, 
confirming  the  greater  degree  of  hot  work  in  the  former . The  micro- 
structures arc  given  in  Table  V together  with  the  carbon  content  and 
proof  stress  of  thir  corresponding  test  pieces. 
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TABLE  V 


Relationships  between  Microstructure . Carbon  Content  and  0,2%  Proof 
Stress  in  Six  Experimental  Steels 

( 1.1/V1  diam,  bar  or  5/8"  thick  plate,  normalised  500°C, 
tempered  650°C/l  hour). 


Spec. 

Cast 

No. 

Material 

Microstructure 

0.2 % Proof 
Stress  (t.s.i.) 

1 

3207 

plate 

F + P 

0.12 

28.0 

3208 

II 

F + P 

0.17 

35.° 

320? 

bar 

F + P 

0.16 

30.4 

3210 

plate 

F + P + U 

0.15 

33-3 

3211 

it 

F + P + M 

0.18 

32.4 

1 

3212 

bar 

F + li 

0.19 

33.6 

fl  1 

3213 

plate 

M + F 

0.17 

48.6 

Bliiliil 

3214 

li 

M + F 

0.17 

45.2 

3215 

bar 

F + 1.1  + P 

0.17 

36.4 

mSm 

3216 

plate 

F + K + P 

0.20 

32.1 

3230 

It 

F + P + M 

0.17 

32.4 

3231 

bar 

F + P 

0.16 

29.6 

5 

3232 

plate 

F + P + M 

0.15 

29.2 

3233 

tt 

F + P + M 

0.13 

27.7 

3238 

bar 

F + P + li 

0.15 

26.0 

6 

3239 

plate 

F + M 

0,16 

35.2 

3240 

II* 

F + li 

0.15 

34.9 

3241 

bar 

F + M + P 

0.15 

29.2 

F:-  Ferrite,  M:-  Tempered  Martensite 
P:-_  Pearlite  or  Troostito. 

Typical  microstructures  arc  shown  in  Figs.  1-6,  all  photographed  at 
100  magnifications.  Fig.1.  is  typical  of  plate  material,  Fig. 2.  of  bar 
material,  both  having  a ferrite-pearlite  structure.  The  much  smaller  grain 
size  of  the  former  is  apparent.  Referring  back  to  Table  V,  it  is  clear 
that  this  grain  size  difference  must  account  for  the  lower  proof  stress 
of  the  bar  material,  in  those  cases  ’./hero  the  microstructures  are  the  same 
(specifications  1 and  5). 

Fig. 3.  shows  an  intermediate  micx'ostructure  of  ferrite  plus 'pearlite 
and  some  tempered  martensite,  and  Fig,4.  a microstructure  in  which  tempered 
martensite  predominates.  In  general,  where  some  martensite  is  formed,  the 
tendency  is  for  the  plate  material  to  contain  more  than  the  corresponding 
bar  material.  This  difference  may  be  due  to  slightly  faster  cooling  rates 
in  the  plate  than  in  the  bar,  but  the  finer  grain  size  may  also  have  had 
some  influence. 

Thus  the  lov/er  proof  stress  of  the  bar  material  may  be  explained  on 
these  grounds,  namely  a coarser  grain  size  .and  a tendency  to  harden  to  a 
smaller  degree  than  the  plate  material.  An  anomalous  result  occurs  in 
Specification  2,  in  which  the  bar  material  hardened  more  than  the  correspond- 
ing plate.  The  two  microstructures  are  shown  in  Fig. 5.  (plate)  and  Fig. 6. 
(bar).  This  anomaly  may  be  due  to 'some  accident  in  the  normalising  of  the  bar, 
but  it  is  significant  that  although  the  proof  and  ultimate  stress  values 
for  this  bar  are  high,  the  ductility  is  comparatively  low,  as  can  be  seen 
by  reference  to  Table  IV. 

3.  DISCUSSION  ‘ ’ 


It  is  perhaps  unfortunate  that  at  the  section  sizes  and  under  the 
cooling  conditions  required  to  produce  the  materials  required  for  these 
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experiments,  the.  stools  should  hove  teen  on.  the  voi-go  of  air  hardening. 
According  to  the  oxact  circumstances,  some  have  given  a hardened  structure, 
others  have  given  a forrito-poarlite  structure,  and  half  have  given  an 
intermediate  structure.  Those  variations  in  microstructuro  have  to  some 
extent  obscured  the  significance  of  the  data,  since  the  mechanical  pro- 
perties vary  as  would  bo  expected  from  those  variations. 

The  original  stools  A and  B,  heat  treated  under  comparable  conditions, 
give  0.2,co  Proof  stress  values  of  31.2  t.s.i.  and  2?. 7 t.s.i.  respectively. 
If  we  compare  these  results  with  those  on  the  two  groups  of  experimental 
steels,  1 to  3 and  4 to  6 respectively,  the  following  general  conclusions 
can  be  drawn : - 

a)  the  replacement  of  ?fo  by  the  sarno  amount  of  V causes  some  improve- 
ment of  mechanical  properties  in  both  Steel  A and  Steel  B 

b)  the  replacement  of  Ho  by  a reduced  amount  of  V gives  equivalent 
properties  in  Steel  A and  lower  properties  in  Steel  B. 

c)  the  partial  replacement  of  Mo  by  V gives  an  improvement  in  both 
Steel  A and  Stool  B. 

The  effect  of  microstructure  on  mechanical  properties  has  already  been 
touched  upon.  This  is  highly  important,  since  it  has  been  seen  that  the 
steels  are -on  the  verge  of  air  hardening.  If  the  cooling  rate  of  the  steel 
were  reduced,  as  it  would  be  if  larger  section  sizes  were  heat  treated, 
the  formation  of  martensite  would  suppressed,  and  the  pearlite  structure 
would  be  coarsened.  The  undoubted  effect  of  this  would  be  to  reduce  the 
mechanical  properties  of  the  steel.  It  is  commonly  held,  particularly  in 
the  U.S.A.  that  the  mechanical  properties  of  a hordenable  steel  are  depend- 
ent on  its  carbon  content  and  microstructuro , the  alloy  content  only  being 
of  importance  in  so  far  as  it  affect  the  latter.  The  difference  in  0.2r» 
proof  stress  between  Oast  Nos.  3208  (35.0  t.s.i.)  and  3214  (45-2  t.s.i.) 
each  with  0.17^  carbon  is  very  significant.  It  can  be  said  that  the  drop 
in  properties  will  bo  marked  as  the  microstructuro  changes  from  marten- 
sitic to  paarlitic,  and  much  more  gradual  as  the  peorlitic  structure  be- 
comes coarser.  It  is  to  be  expected  therefore  that  if  these  steels  are 
normalised  in  larger  section  sizes,  the  proof  stress  values  will  fall. 

In  the  heat  affected  zone  of  a 'weld,  on  the  other  hand,  the  cooling 
rates  will  be  much  higher.  This  is  quite  obvious  when  one  considers  that 
in  this  zone,  heat  is  being  lost  not  only  to  the  surrounding  air,  as  in 
air  cooling,  but  also  to  the  surrounding  cooler  metal.  Hence  the  micro- 
structure  of  the  heat  affected  zone  is  likely  to  be  largely  martensitic, 
since  the  steels  have  been  shown  to  bo  on  the  verge  of  full  hardening  even 
Then  air  cooled.  Hence  the  heat  affected  zone  hardness  and  the  weldability 
of  these  steels  will  not  necessarily  correlate  with  the  mechanical  pro- 
perties. At  more  rapid  cooling  rates  the  steels  will  in  fact  develop  much 
higher  mechanical  properties  than  are  produced  by  the  normalising  and 
tempering  treatment  considered  here. 

4.  CONCLUSIONS 

a)  In  a normalised  and  tempered  weldable  steel  containing  0.1 5%C, 
0,9%Mn,  O.bjSli,  O.iPuCiy  and  0. 22%.io , the  Mo  can  be  replaced 
by  a smaller  amount  (about  0.1 41o)  of  V with  no  loss  in  proof 
stress. 

b)  In  a normalised  and  tempered  weldable  .steel  containing  0.15f&!, 
I.l^fn,  0.2%  Max  Ni,  0,6^0r,  and  0. 221-Mo,  the  Mo  can  be  replaced 
by  the  same  amount  of  V with  no  loss  in  proof  stress. 

c)  There  is  no  evidence  of  temper  brittleness  in  such  steels  when 
air  cooled  from  the  tempering  temperature. 


7 


d)  When  normalised  in  the  form  of  1.1  A inch,  diam,  bars,  or 
5/8  inch  thick  plates,  the  steels  are  on  the  verge  of  air 
hardening.  Apart  from  forrite  the  microstr-uctures  contain 
sometimes  pearlite,  sometimes  martensite  and  sometimes 
both. 

e)  This  variation  in  micro structure  is  responsible  for 
variations  in  tho  mechanical  properties.  The  proof  stress 
is  much  higher  than  tho  minimum  required,  when  the 
structure  contains  much  martensite. 


Fig.  3.  Cast  No. 3210 

Plate  C 0.155b 
0.2ji  Proof  33.3  t.s.i. 
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Fig.  4.  Cast  No.3214 

Plate  C 0.17# 
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PART  II 


mDABILm  OP  'TWELVE  LOV-ALLOY  STEELS 

G'atmtmM ' vTjfADimf 


‘ * *•  • .»«•*«•  »<•*■ 


By 

O.L.M.  Cottrell, M.Sc. ,Ph.D.  and  B.J.  Bradstreet,B.Sc. , 
(British  Welding  Research  Association) 


Synopsis 

The  weldability  of  twelve  low-alloy  steels  containing  vanadium  has 
been  investigated.  In  a previous  investigation1 , two  low-alloy  manganese- 
nickel-chromium-molybdenum  steels  were  shown  to  combine  good  weldability 
with  good  mechanical  properties,  The  twelve  steels  now  reported  have  com- 
positions based  on  those  of  these  two  steels,  but  have  reduced  and  zero 
molybdenum  contents,  and  contain  vanadium.  The  steels  have  been  tested 
for  weldability  on  the  B.V/.R.A . "Controlled  Thermal  Severity"  test  assembly, 
using  mild-steel  electrodes  with  a low-hydrogen  type  coating. 

INTRODUCTION 

A series  of  35  low-alloy  mngancse-nickel-chromiura-molybdenum  steels, 
made  from  18  lb.  high-frequency  induction-furnace  melts,  was  tested 
previously^  for  weldability  and  mechanical  properties.  Similar  tests1 
were  then  made  on  two  steels,  made  in  two-ton  casts,  with  compositions 
based  on  those  of  steels  of  the  experimental  series  which  gave  the  best 
combinations  of  weldability  and  mechanical  properties.  These  two  steels, 
referred  to  as  steels  A and  B,  also  showed  excellent  weldability  and  good 
mechanical  properties. 

Following  the  suggestion  by  the  B.S.A.  Group  Research  Centre  that  in 
the. interests  of  molybdenum  economy,  molybdenum  in  these  steels  could  be 
replaced  wholly  or  in  part  by  vanadium,  the  Research  Centre  prepared 
experimental  casts  of  twelve  steels  six  of  them  being  based  on  the  com- 
position of  steel  A,  and  six  on  the  composition  of  steel  B.  The  steels  were 
tested  for  mechanical  properties  by  the  Research  Centre'  and  the  results  have 
been  reported. in  Part  I cf  this  composite  report. 


Samples  of  the  alloys  in  the  form  of  f " plates  were  supplied  to  the 
B.W.R.A.  and  the  weldability  of  the  steels  was  assessed  in  terms  of  the 
resistance  to  crack  formation  in  the  heat-affected  zone  adjacent  to  a 
restrained  weld,  under  controlled  conditions  of  cooling. 

DETERMINATION'  OP  WELDABILITY  ■ 


1 . Test  Employed 

To  assess  the  weldability  of  the  steels,. the  B.V/.R.A,  "Controlled 
Thermal  Severity"  (C.T.S.)  test  was  used.  This  test,  which  has  been 
described  previously-^,  makes  it  possible  to  simulate  the  cooling  conditions 
occurring  in  any  type  of  structural  joint. 

In  the  present  tests,  three  grades  of  cooling  severity  were  chosen, 
with  Thermal  Severity  Number’s  (as  defined  previously^)  of  4,  6 and  14*, 
the  last  of  these  representing  conditions  of  cooling  as  severe  as  these 
occurring  in  most  typos  of  structural  joint. 

These  severities  were  obtained  by  using  £ in.  thick  top  plates, 
bolted  to  ^ in.  or  1-g-  in*  bottom  plates,  one  weld  with  bithermal  heat  flow 
and  both  welds  with  tri thermal  flow  being  used  in  the  tests.  Applying  the 
formula  for  calculating  the  thermal  severity  number  (T.S.N.),  we  have:- 

* Owing  to  the  great  difference  in  plate  thickness,  tests  with  a nominal 
severity  of  T.3.IT.14  probably  hn-1  a true  severity  of  about  T.S.N.12. 
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Top  plate 

Bottom  plate 

T.S.N. 

T.S.N. 

thickness 

thickness 

Bithermal 

Trithermal 

weld 

weld 

1 . . . 

2 • 

i in.  ‘ ' 

. .4  ..  . 

6 

■§■  in. 

1-j  in. 

. - • 

14 

The  top  plates  for  the  tests  wore  machined  from  the  experimental 
steels,  and  the  bottom  plates  were  all  made  from  steel  A,  since  there  was 
not  sufficient  material  available  from  the , experimental  casts  to  provide 
complete  C.T.3.  assemblies.  ; 

Kild-3tccl  electrodes  with  a low-hydrogen  type  coating  wore  used  for 
all' the  tests;  these  electrodes  are  especially  recommended  for  the  welding 
of  low-alloy  steels. 

2.  Materials  Used 


The  twelve  experimental  steels  were  made  in  14  lb.  high-frequency 
induction-furnace  melts.  Each  ingot  vno  forged  to  a plate  approximately- 
15  by  4 by  5/8  in.,  and  these  plates  wore  then  normalised  from  900  deg.C., 
followed  by  tempering  at  6 50  dog.O.  for  1 hour. 

The  cast  analyses  of  the  twelve  steels  together  with  those  of  steels 
A and  B are  given  in  Table  I. 

TABLE  I 


Cast  Analyses  of  Experimental  Steels 


Steel 

No. 

C% 

Si/ 

P/ 

Mn'i 

Ni.Z 

Cr.1 

V/ 

— 

0 

54 

0.12 

0.11 

0.021 

0.012 

0.57 

0.75 

.0.87 

0.22 

- 

55 

0,17 

0.11 

0.021 

0.010 

0.69 

0.70 

0.90 

0.22 

- 

56 

0.15 

.0,09 

0.025 

0.010 

0.78 

0.73 

0.92 

0.14 

- 

57 

0.18 

0.05 

0.021 

0.010 

0.74 

0.83 

0.88 

0.14 

- 

58 

0.16 

0.18 

0.018 

0.010 

0,86 

0.79 

0.97 

0.14 

0.19' 

59 

0.17 

0..20 

,0.021 

0.010 

0.99 

O.78 

0.95 

0.14 

0.19 

60 

0.20 

0.16 

0.025 

0.010 

1.24 

0.10 

0.71 

O.23 

61 

0.17 

0.15 

0.021 

0.010 

1.23 

0.10 

0.70 

o.i?1 

- 

62 

0.15 

0.16 

0.022 

0.010 

1 .21 

0.14 

0.68 

0.18 

- 

63 

0.13 

0.14 

0.024 

0.011 

1.13 

0.12 

0.69 

0.12 

- 

64 

.0.16 

0.06 

0.022 

0.010 

1.08 

Trace 

O.69 

0.15 

0.15 

65 

:0.15 

0.13 

0.022 

0.010 

1.13 

Trace 

0.62  ■ 

0.13 

0.13 

A 

0.14 

0.18 

0.032 

0.017 

0.89 

0.56 

0.93 

_ 

0.22 

B 

0.14 

0.30 

0.027 

0.016 

1 .14 

0.23 

0.66 

0.24 

The  bottom  plates  of  the  test  assemblies  were  all  made  from  the  two- 
ton  cast  of  steel  A. 

Mild  steel,  8 S.V/.G.  electrodes,  B.S.I719  classification  E.614  were 
used  for  all  anchor  welds  and  test  './elds.  All  the- electrodes  used  for 
the  test  were  taken  from  the  same  batch,  to  maintain  uniform  test 
conditions . 


'J 


3.  Experimental  Procedure 

(a)  Preparation  of  plates  mid  electrodes 

All  the  plates  wore  drilled  with  9/l6  in.  diameter  holes  to 
accommodate  the  clamping  holts,  and  surface-ground  on  the  contact 
surfaces.  The  edges  of  tho  top  plates  were  machined.  .The  finished 
top  plates  were  3 hy  3 hy  -g-  in. , and.  the  bottom  plates  were  7 by 
4 by  ^ in, , and  7 by  4 by  Ik-  in,  respectively  for  the  two  sizes  of 
assombly. 

The  electrodes  were  heated  in  an  air-circulating  oven  at  .110  . 
deg.C.  for  a minimum  of  one  hour,  to  ensure  that  the  moisture  content 
(potential  hydrogen)  in  the  coatings  was  kept  at  a constant  low  value. 

The  electrodes  were  used  immediately  after  removal  from  the  oven. 

(b)  Test  ing  Procedure 


The  full  procedure  for  using  the  C.T.S.  test  has  been  described 
previously^-.  Each  anchor  weld  consisted  of  three  runs  in  the  horizontal 
position,  with  a welding  current  of  180  amp.  The  assembly  -was  held  at 
an  angle  of  45  deg.  to  the  horizontal  in  a heat -insulated  jig,  so  that 
each  test  weld  was  made  in  the  downhand  position,  and  no  heat  was  con- 
ducted away  from  the  assembly.  Each  test  weld  was  made  with  the  assembly 
initially  at  room  temperature. 

The  electrodes  were  marked,  so  that  4 in.  of  electrode  was  used  for 
each  3 in.  test  weld.  All  welds  were  made  with  alternating  current, 
under  approximately  the  same  conditions,  the  following  figures  being 
typical : - 


Open-circuit  voltage 
Arc  voltage: 

Welding  current: 

Time  of  ’welding: 
Energy  input: 


105  volts. 

22  volts. 

178  amps. 

26  sec. 

28,000  joules  per  in. 


The  welding  current  'was  measured  by  means  of  a moving-iron  ammeter 
and  a current  transformer,  the  voltage  by  a moving-coil  voltmeter,  and 
the  total  energy  input  by  an  induction-type  integrating  watt-hour  meter. 
The  energy  input  used  for  each  test  we Id  is  shown  in  Table  II. 

(c)  Sectioning  and  Examination  of  We Ids 

To  allow  adequate  time  for  the  formation  of  hard-zone  cracks^, 
the  assemblies  were  loft  bolted  together  for  at  least  three  days,  and 
no  welds  were  sectioned  until  at  least  a week  after  welding. 


The  test  welds  were  sawn  out  parallel  to  the  welding  direction, 
and  sectioned  to  provide  three  specimens,  one  3/4  in.  from  the  start 
of  the  weld,  one  at  the  centre,  and  one  3/4  in.  from  the  end  of  the 
weld. 


These  specimens  were  polished  mechanically,  and  etched  in  a 
solution  of  3 pen  cent  picric  acid  and  3 per  cent  hydrochloric  acid 
in  alcohol.  The  specimens  wore  examined  microscopically  for  cracks; 
the  crack  lengths  were  measured  using  a projection  microscope,  and 
were  expressed  as  a percentage  of  the  length  of  the  fillet  leg  in  'which 
they  occurred. 

(d)  Hardness  Exploration 

After  polishing  and  etching,  hardness  tests  were  made  on  the 
centre  section  of  each  tost  wold,  as  shown  in  Fig.1 . The  tests  were 
made  with  a diamond-pyramid  indentcr,  using  a 10  kg.  load.  The  method 
of  testing,  and  the  terms  used  in  the  tables,  a-e  as  described  in 
previous  work^. 
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1.  Experimental  Results 

The  results  of  the  weldability  tests  are  shown  in  Table  II. 

Since  only  the  top  plate  of  each  assembly  was  made  from  the  steel 
under  test,  it  was  only  intended  to  measure  orack  lengths  in  the  vertical 
leg  of  each  wold.  .In  the  tests,  however,  no  cracks  occurred  in  the 
horizontal  leg  of  any  of  the  wolds.  This,  confirmed  the  excellent  weld- 
ability of  steal  A,  as  mentioned  in  the  'footnote  to  Table  V. 

To  cracks  occurred  on  any  of  the  welds  made  with  -y  in.  bithermal  flow 
(T.S.N.if.)  even  with  steel  59,  which  had  an  average  plate  hardness  of  259 
D.P.N.  and  a maximum  hardness  in  the  hcat-affocted  zone  of  113  D.P.N. 

On  two  of  the  steels,  cracks  occurred  in  specimens  'welded  with  both 
T.S.N.6  and  T.S.N.11;  on  3even  of  the  steels,  cracks  occurred  with  T.S.N. 
11  only;  three  of  the  steels  showed  complete  absence  of  cracking. 

There  was  a general  increase  of  crack  severity  with  plate  hardness, 
and  also  with  the  hardness  in  the  heat-affectcd  zone,  but  no  definite 
relationship  can  be  established  in  vi ew  of  the  limited  number  of  results 
available  with  each  test  severity. 


TABLE  IX 

Details  of  VfoldinK  Conditions.  Fillet  Siao.  Hardness  and  Cracki 
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Steel 

No. 

T.S.N. 

54 

4 

6 

14 

55 

4 

6 

14. 

56 

. 

4 

6 

14 

57 

4 

6 

14 

58 

4 

6 

14 

59 

4 

6 

14 

60 

4 

6 

. 11f 

61 

4 

6 

14 

62 

4 

• 6 
14 

63 

4 

6 

14 

64 

4 

6 

14 

65 

4 

6 

14 

Hardness  D.F.N.  (10  kg. load) 

_ Heat-affected  , Crack- 

zono  ing 

Length  Av. Weld  Av.Plate  y.leg 

(in*)  Max.  Av.Peak  p? 


n.  24  282 

0.26  311 

0.24.  339 


0.24  355 
0.23  367 
0.23  399 


0.25  393 
0.23  411 
0.23  411 


.24  413 

.24  427 

.24  431 


0.23  370 
0.25  427 
0.24  423 


0.24  356 
0.2  3 377 
0.24  393 


0.25  318 
0.26  358 
0.25  388 


0.25  306 
0.25  317 
0.22  352 


0.28  345 
0.23  401 

0.24  407 
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A photomacrograph  of  ono  of  the  veld,  sections  is  shovm.  in  Fig. 2.  The 
crack  has  "forked",  giving  the  appearance  of  two  distinct  overlapping 
cracks  in  tho  section  illustrated. 

DISCUSSION 

A brief  summary  of  tho  res.ults  of  all  the  tests  i3  given  in  Table  III, 

- The  best  combination  of  weldability  and  mechanical  properties  ’was 
given  by  steel  55>  which  had  a yield'stress  of  35  tons  per  sq.in.;  only 
very  slight  cracking  occurred  on  one  section  of  the  wold  made  with 
T.S.N.14  on  this  steel. 

TABLE  III 


Summary  of  Results 


Steel 

No. 

Basic 

Compo- 

sition 

dfS 

VJ2 

Hof? 

Yield 
Stress 
or  0.2-3 
proof 
stress 
(tons/ 
sq.in.  ) 

V 

T.S.N. 

Hardness 

D.P.N. 

Av. 

Cracking 
V.  leg 

ri 

,0 

.Av.peak 
in  heat-, 
affected 
zone 

Av, 

plate 

i 

Steel  A 

n.12 

0.22 

- 

28.0 

14 

329 

176 

nil  , 

55 

It 

0.17 

0.22 

35.0 

6’ 

368 

198 

nil  ! 

* 

■ 

14 

■ 371 

193 

f 

56 

II 

0.15 

0.14 

- 

33.3 

. 124 

3$1 

181 

nil 

57 

It 

0.18 

0.14 

— 

32.4  . 

6 

394 

199 

1 nil 

14. 

413 

208 

4 

58 

II 

0.16 

0.14 

0.19 

42.6 

6' 

405 

230 

nil 

• 

14 

410 

244 

47 

59 

» 

0.17 

0.14 

0.19 

45.2 

4' 

409 

259 

nil 

6 

421 

265 

76 

14 

428 

270 

71 

4 

368  ' 

185 

nil 

60 

Steel B 

0.20 

0.23 

- 

32.1 

6 

405 

187 

73 

14 

417  . 

188 

23 

61 

If 

0.17 

0.19 

. — 

32.4 

6'  ’ 

369 

188 

nil 

14 

385 

185 

2 

62 

II 

0.15 

0.18 

29.2 

6 . 

355 

1 66 

nil 

14. 

- - 

381 

180 

33 

63 

II 

0.13 

0.12 

27.7 

• 14’ 

347 

161 

nil 

64 

If 

0.16 

0.15 

0.15 

35.2 

6 

397 

210 

nil 

14. 

40.3 

201 

76 

65 

11 

0.15 

0.13 

0.13 

34.9 

6 

355 

189 

nil 

14  ’ 

387 

. 28 

Steel 

L 'A' 

0.14 

0.22 

31.2 

18 

588 

188 

6 + 

Steel  'B* 

0.14 

- 

0.24 

29.7 

(Hoove 

428 

216 

5 + 



J;est) 

v . 

f 

T ~ * ' 

< "" 

... 

Jt  The  test  rdsults  are  not  all  qudted  in  this  table.  No  cracking 

occurred  on  tests  conducted  with  lover  Thermal  Severity  numbers  than 
those  listed  for  each  steel,  Owing  to  the  great  difference  in  plate 
thickness,  tests  -with  a nominal  severity  of  T.S.N.14  probably  had  a 
true  severity  of  about  T.S.N.12. 

+ The  welding  tests  on  steel  A and  B were  conducted  on  a Reeve  test 
assembly,  using  class  E.217  blectrodes,  producing  very  severe  test 
conditions.  With  the  conditions  under  which  steels  54-65  were 
welded,  no  cracking  would  be  expected  on  steels  A and  B. 

Steel. 56,  with  a similar  composition,  gave  a slightly  lower  yield 
stress  vath  complete  absence  of  cracking.  These  two  steels  were  both  based 
on  steel  A;  they  have  higher  mechanical  properties  than  steel  A,  but  the 
tests  indicate  that  they  have  slightly  inferior  weldability.  The  excellent 
weldability  of  steel  A was  confirmed  by  the  fact  that  though  the  bottom 
plate  of  each  C.T.S.  assembly  was  made  from  steel  A’,  no  cracks  were  found  in 
the  horizontal  leg  of  any  of  the  test  welds. 

Steel  58  was  also  interesting,  in  that  it  had  a yield  stress  (or  0.2 
per  cent  proof  stress)  of  42.6  tons  per  sq.in.,  and  yet  did  not  crack  on 
the  4"  in.  tri thermal  a ssembly  (T.S.N.6.) 

It  would  appear  that  the  molybdenum  content  of  steel  A,  0.22  per  cent, 
could  be  replaced  by  about  0.15  per  cent  vanadium,  producing  a steel  with  a 
yield  stress  in  the  region  of  34  tons  per  sq.in.  in  the  normalised  and 
tempered  conditions,  with  good  weldability  when  using  electrodes  with  a low- 
hydrogc-n  type  coating. 

CONCLUSIONS 

1 . The  replacement  of  molybdenum  by  vanadium  in  a low-alloy  steel  such 

as  steel  A improves  the  mechanical  pi-opcrtics  of  the  steel  in  the  normalised 
and  tempered  condition  without  unduly  affecting  the  good  weldability  when 
using  low-hydrogen  electrodes. 

2.  The  steel  which  gave  the  best  combination  of  weldability  and  mechanical 
properties  was  one  containing  approximately  0.17^  carbon,  0.7??  manganese, 

0.7??  nickel,  0.9/  chromium,  and  0.22/  vanadium,  with  a yield  stress  of 

35  tons  per  sq.in.  in  the  normalised  and  tempered  condition  when  heat 
treated  in  the  form  of  £ in.  thick  plate. 
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FIG.  I.  DIAGRAM  INDICATING  POSITIONS  OF  HARDNESS  IMPRESSIONS. 
VALUES  GIVEN  ARE  FOR  STEEL  59,  T.S.N.  14. 


FIG.  2.  CRACK  IN  HEAT- AFFECTED  ZONE.  STEEL  64,  T.S.N.  14. 
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SYNOPSIS  ' : ! 

Tensile  and  Izod  tests  have  been  made  on  a number  of  low-alloy  manganese- 
nickel-chromiua  steels  based  oh  two  compositions.  Some  of  the  3teels  con- 
tained molybdenum,  some  contained  vanadium  and  the  remainder  contained  both 
molybdenum  and  vanadium.  : 

The  substitution  of  molybdenum  by  less  vanadium  gave  a lower  transit- 
ion temperature  combined  with  much  higher  values  of  0.02  per  cent  proof' 
stress,  without  adversely  affecting  the  weldability  of  the  steels. 

The  results  apply  to  plates  normalised  under  conditions  equivalent  to 
1-j-  in.  thick  sections.  It  is  also  shown  by  reference  to  earlier  work  that 
similar  improved  properties  could  probably  be  obtained  with  molybdenum 
steels  by  tempering  at  600°C. 

1.  INTRODUCTION 


As  a part  of  the  investigation  into  the  development  of  higher  strength 
weldable  steels,  a series  of  35  experimental  low-alloy  manganese -nickel- 
chromium-molybdenum  steels  was  examined1  for  weldability  and  mechanical 
properties.  As  a result  of  this  work  two  steels  were  manufactured  in  two- 
ton  casts,  and  weldability  and  mechanical  tests  were  made  on  both  steels  . 
These  two  steels  were  designated  A and  B. 

In  order  to  provide  alternative  steels  economising  in  molybdenum,  the 
Ministry  of  Supply  accepted  an  offer  from  the  B.S.A.  Group  Research  Centre 
to  make  twelve  more  experimental  steels  based  on  the  compositions  of  Steels 
A and  B,  but  rath  the  molybdenum  either  partly  or  completely  replaced  by 
vanadium.  These  steels  were  tosbod3  for  mechanical  properties  and  woldthfU, ty 
after  heat  treatment  in  the  form  of  \ - § in.  thick  plate,  as  described  in 
Part  I and  II  of  this  composite  report. 

The  weldability  and  mechanical  test  results  for  the  experimental 
vanadium  steels  were  good.  Since  the  test  results  related  to  rather  thin 
plate,  it  was  decided,  following  a suggestion  by  Dr.  L.  Reeve,  (Chairman 
of  the  B.W.R.A.  Eli. 8 Committee)  to  make  further  mechanical  tests  on  the 
steels  normalised  under  conditions  equivalent  to  those  occurring  in  thick 
plate. 


2.  MATERIALS 

The  cast  analyses  of  the  twelve  vanadium  steels  are  given  in  Table  I 
and  analyses  of  Steels  A and  B are  also  included. 


n 

Cm 

TABLE  I 


Cast  Analyses  of  Experiment  Stools 


Steels 

No. 

0,1 

Sil 

S.1 

n 

Mill 

Nil 

Crl 

vl 

' Uo% 

54 

0.12 

0.11 

0.021 

0.012 

0.57 

0.75 

0.87 

0.22 

_ 

55 

0.17 

6.11 

0.021 

0.010 

0.6? 

0.70 

0.90 

0.22 

-- 

56 

0.15 

0.00 

0.025 

0.010 

0.78 

0.73 

0.92 

0.14 

- 

57 

0.18 

0.05 

0.021 

0.010 

0.74 

0.83 

C.88 

0.14 

- 

58 

0.16 

0.18 

0.018 

0.010 

0.86 

0.79 

0.97 

0.14 

0.19 

59 

0.17 

0.20 

0.021 

0.010 

0.99 

0.?8 

0.95 

0.14 

0.19 

60 

0.20 

0.16" 

0.025 

0.010 

1.24 

0.10 

0.71 

0.23 

* — 

61 

0.17 

0.15 

6.021 

0.010 

1.23 

0.10 

C.70 

0.19 

-'  - 

62 

0.15 

0.16 

0.022 

0.010 

1 .21 

0.14 

n.68- 

0.18 

63 

0.13 

0.14 

0.024 

0.011 

1.13 

0.12- 

O.69 

0.12 

- 

64 

0.16 

0.06 

0.022 

0.010 

1 .08 

Trace 

O.69 

0.15 

0.15 

65 

0.15 

0.13 

0.022 

0.010 

1.13 

Trace 

0.62 

0.13 

0.13 

A 

O.lif 

<\18 

n.032 

0.017 

0.8? 

0.S6 

0.93 

_ 

0.22 

B 

0.14 

0.30 

0.027 

0.016 

1.14 

0.23 

0.66 

0.24 

3.  EXPERIMENTAL  PROCEDURE 

In  order  to  simulate,  in  the  experimental  steels,  the  cooling  condit- 
ions which  occur  in  1-g-  in,  thick  steel  a sandwich  technique  was  used. 

For  the  tensile  tests,  ’where  one  specimen  was  required  from  each'  steel, 
the  steels  we re  normalised  in  the  form  of  f by  \ By  5 in.  bars  clamped 
between  \ in.  thick  mi-ld  steel  plates,  the  contact  faces  between  the  bars 
and  plates  being  machined  where  necessary  to  ensure  good  thermal  contact. 

For  the  notched-bar  impact  tests,  where  a number  of  specimens  were 
required  from  each  of  steels  55,  58  and  A,  \ in.  thick  plates  were  used 
in  place  of  the  ■§•  in.  square  bars. 

The  sandwiches  were  normalised  by  heating  at  900°C  for  l|r  hr., 
followed  by  cooling  in  still  air. 

..  The'  g’’ in. sa.  bars  wore  machined  to  give  tensile  test  pieces  haying  a 
cross-sectional  a rca  of  1/20  so. in.'  and  a parallel  length  of  in. 
Stross/strain  curves  were  obtained  for  each  specimen  using  a Lindley 
extensome^er  working  on  a 2 in.  gauge  length. 

Tho;£  in',  thick  plates  were  each  machine  to  give  four  standard,; 
three-notch  10  mm.  sa.  Izod -tost  bars.  Each  steel  was  tested  at  20,  0-,  -20 
and ‘ •4+0°CS'.  using  a 120  ft.  lb.  capacity  Isod  machine.  The  temperature  of 
each,  specimen,  was  measured  by  moans  of  a clip-on  thermocouple  pf  -copper 
and  constantan  vires  with  the  specimen  as  the  junction.  This  method  gave 
a temperature  variation  throughout  the  cross-section  at  the  notch,  of  not.  . 
greater  than  + 1 Centigrade  degree  from  the  measured  temperature,  The  low 
test  temperatures  were  obtained  by  immersing  the  machine  grips  and  the  - 
specimens,  immediately  prior  to  test,  in  absolute  alcohol  containing  solid 
carbon  dioxide. 

The  check  whether  the  plain  vanadium  steels  wore  subject  to  temper 
brittleness,  a •§•  in.  sq.  section  bar  of  steel  55  was  heated  for  1 hr.  at  600°C. 
and  then  furnace  cooled.  A standard  three-notch  Izod  test  piece  was  machined 
from  the  bar,  and  tested  on  the  Izod  machine. 

4.  RESULTS 


The  tensile  test  results  are  given  in  full  in  Table  II 
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There  was  a marked  difference  in  the  type  of  stress/ strain  curve, 
depending  upon  the  presence  or  absence  of  molybdenum  in  the  steel. 

The  molybdenum-free  steels  (54-57  and  60-63)  exhibited  a definite  yield 
point,  whereas  those  steels  containing  molybdenum  (58,  59,  64,  85,  A and 
B)  gave  a non-ferrous  type  of  stress/strain  curve.  Stress/strain  relation- 
ships for  certain  steels  based  on  compositions  A and  B are  shown  in  Pigs. 

1 and  2,  the  stress/strain  curves  being  typical  of  those  produced  for. the 
various  steels,  A comparison  of  curves  for  steels  56  and  58  (shown  in 
Pig.1)  indicates  how  the  addition  of  molybdenum  h&3  markedly  affected  the 
form  of  the  stress/strain  relationship. 

In  general  the  plain  vanadium  steels  gave  slightly  lower  ultimate 
tonsile  strengths  than  the  plain  molybdenum  steels  with  the  same  total 
alloy  content.  It  was  difficult  to  compare  these  values  with  those  obtained 
for  the  steels  containing  both  molybdenum  and  vanadium,  since  the  total 
alloy  content  of  those  steels  was  higher.  The  indications  are  that  the 
molybdenum-vanadium  steels  would  have  the  same  ultimate  tensile  strengths 
as  comparable  plain  molybdenum  steels,  Tho  ductilities  of  the  steels  were 
nearly  aly/ays  lower  whore  the  ultimate  strengths  were  higher. 

TABLE  II 


Mechanical  Properties  of  Steels 


Steel 

No. 

COMPOSITION  * 

Weld-7 

ability- 

index 

Proof  Stress 
(tons/ sq.in. ) 

U.T.S. 

(tons/ 
sq.in. ) 

Elong- 

ation 

on 

4s/T 

($) 

Reduc- 

tion 

in 

Area 

($) 

C $ 

V$  ■ 

Mo$ 

0.02$ 

0.3$ 



— 

0.5$ 

54 

0.12 

0.22 

- 

6a 

24.4 

yield 

34.0 

39 

72 

55 

0.17 

0.22 

- 

6B 

27.6 

yield 

37.8 

38 

70 

56 

0.15 

0.14 

— 

6a 

26.4 

yield 

37.6 

36 

72 

57 

0.18 

0.14 

6b 

27.8 

yield 

39.2 

36 

68 

58 

0.16 

0.14 

0.19 

60 

12.5 

26,2 

29.6 

48.6 

26 

■ 48 

59 

0.17 

0.14 

0.19 

6D 

15.2 

30.4 

34.2 

53.0 

26 

52 

A 

0.14 

- 

0.22 

6a 

13.0 

20.5 

22.6 

37.6 

35 

63 

60 

0.20 

0.23 

6D 

30.2 

yield 

40.6 

36 

67 

61 

0.17 

0.19 

6B 

27.0 

yield 

39.0 

31 

68 

62 

0.15 

0.18 

um 

6C 

26.1 

yield 

37.1 

40 

71 

63 

0.13 

0.12 

- 

6A 

24.6 

yield 

34.3 

38 

75 

64 

0.16 

0.15 

0.15 

60 

11.7 

22.6 

25.4 

43.6 

28 

55 

65 

0.15 

0.13 

0.13 

6c 

12.2 

22.0 

24.6 

42.1 

29 

57 

B 

0.14 

- 

0.24 

6A 

11.8 

21 .0 


23.2 

40.0 

35 

59 

w Steel3  54-59  and  steel  A contained  0.57-0.99/S  Mn,  0.56-0.83$  Ni, 
and  0.70-0.93$  Cr. 

Steels  60-65  and  Steel  B contained  1.08-1 ,24$  Mn,  0.23$  max.  Ni, 
and  0.62-0.71$  Or. 

The  ratio  0.5  per  cent  proof  stress  (or  yield  stress) 
ultimate  tensile  stress 

changes  with  the  presence  or  absence  of  molybdenum  in  the  steel.  For  the 
molybdenum-free  steels  the  ratio  varies  between  0,69  and  0.74,  the  average  , 
•for  eight  steol3  being  0.71 . For  the  steels  containing  molybdenum  the 
ratio  is  lower  (0.53-0.65,  average  O.60). 
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With  the  ratio  Q,02  par  cent  proof  3tios3,  however  the  presence  of 
ultimate  tensile  stress 

molybdenum  in  the  steel  is , accompanied  by  a reduction  in  value  to  less  than 
half.  - The  ratio'  for  the  molybdenum-free  stools  is  the  same  as  that  given 
for  the  0.5  por  cont  proof  stress,  duo  to  the  prosenoo  of  a definite  yield 
point;  (0. 69-0.71-,  average  0.7'i  )•  For  the  steels  containing  molybdenum 
however,  the  x-atio  is  only  0.26-0.35,  the  average  being  0.30. 

The  results  of  Iscd  tests  made  on  steels  55,  58  and  A,  all  based  on 
composition  A are  given  in  Fig. 3.  These  results  show  that  the  plain 
vanadium  steel  gave  the  lowest  transition  temperature  as  measured  by  both 
energy  and  ductility  criterin.  The  steel  containing  molybdenum  and 
vanadium  gave  a higher  tx-ansition  temperature  and  the  plain  molybdenum 
steel  gave  the  highest  tr-ansition  temperature.  The  temperatures  for  50  per 
cent  shear  fracture" were  -12°0.,  17  C.  and  over  20°C.  for  the  plain  vanadium, 
molybdenum-vanadium  and  plain  molybdenum  steals  respectively.  Taking  15  ft. 
lb.  energy  to  fracture  as  a criterion  of  notch  toughness  the  same  three 
steels  gave  temperatures  of  under  -40 °C . , -35°C. , and  2°C.  respectively. 

In  addition  to  having  the  lowest  transition  temperature,  the  plain  vanadium 
steel  absorbed  a minimum  energy  of  2?  ft.  lb.  in  the  lower-shelf  region  of 
the  transition  curve . This  value  is  much  greater  than  the  sninimum  energy  of 
7 ft.  lb.  observed  for  the  plain  molybdenum  steel. 


The  values  obtained  from  Isod  tests  on  the  plain  vanadium  steel  55, 
after  tempering  at  600°C.  followed  by  furnace,  .cooling,  were  as  follows :- 

, i 

Energy  absorbed:  48;  57;  60  ft.  lb'.  . 

..  i 7 ■ 

These  values  indicate  that  the  plain  vanadium  steels  are  not  unduly 
susceptible  to  temper  brittleness. 

! t , 

In  a previous  report1  a low  clastic  limit  in  manganese -nickel- 
chromium  steel  was  shovel  to  be  related  to  the  presence  of  an  unresolved 
constituent  in  the  steel  microstructure.  For  this  reason  the  miefo- 
structure  of  steel  A (molybdenum  containing)  and  steel  55  (molybdenum  free) 
were  examined.  Brotomicrographs  of  the  structures  of  these  two  steels  in 
the  normalised  condition  cro  given  in  Figs.  4 and  5*  Fig, 4 shoves  the 
structure  of  steel  A v/hich  contains  an  appreciable  amount  of  the  unresolved 
constituent,  whereas  the  molybdenum-free  steel  55  (Fig. 5)  does  not  contaim 
the  constituent. 

Microhardness  tests  wore  made  on  the  unresolved  Constituent  rising  a 
diamond  pyramid  indenter  with  a 1 gn.  load.;  The  values  Obtained,  after 
correcting  for  error  due  to  the  low  applied1  load,  were  as  follov/s : - 


Fabric  of  alloy  ferrite 160  D.P.N. 

Unresolved  constituent  .....' 4^0  D.P.N. 


The  value  obtained  is  consistent  with  that  obtained  from  a low-carbon 
(0.14  per  cent)  martensite  or  lower  bainite  structure.  The  average 
macrohardness  of -the  structure  using  a 10kg.  load  was  183  D.P.N. 

5.  DISCUSSION 

In  a previous  report-5  it  was  shown  that  replacing  molybdenum  by 
vanadium  in  alloy  steels  A and  B gave  improved  mechanical  properties  in 
-§■  in.  thick  section,  without  adversely  affecting  weldability. 

The  mechanical  properties  observed  in  this  report  relate  to  the  same 
alloy  steels  normalised  in  the  form  of  1-g-  in.  thick  section.  The  results, 
which  are  given  in  Table  II,  indicate  that  th~  highest  value  of  0.5  per 
cent  proof  stress  combined  with  class  A weldability?  is  obtained -with  the 
plain  vanadium  steels,  although  the  properties  -ire. not  much  better  than 
those  of  the  plain  molybdenum  steels.  'The steels  containing  both  molybdenum 
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and  vanadium,  with  a higher  total  alloy  content,  gavo  the  highest  values 
of  0.5  per  cent  proof  stress  but  only  class  C weldability. 

In  3ono  practical  applications  the  0,02  per  cont  proof  stress  is  used 
to  assess  tho  merit  of  the  steel.  If  this  criterion  is  used,  the  plain 
vanadium  steels  sho w a marked  improvement  over  the  other  types  of  steel. 

Tho  0.02  per  cont  proof  stress  is  increased  from  about  12  tons  per  sq.in. 
to  about  2 k.  tons  per  sq.in,,  i.e.  doubled,  by  substituting  0.2if  per  cent. 

Mo  by  0,12  per  cent  V in  composition  B (see  Pig. 2).  This  improvement  is 
achieved  with  less  alloy  addition  and  the  voidability  of  tho  stool  is  not 
reduced  from  class  A.  A similar  improvement  i3  observed  with  composition 
A,  as  shown  in  Fig.1. 

In  other  practical  applications  for  arc-welded  low-alloy  steel  lew/ 
transition  temperatures  are  required.  Again  the  plain  vanadium  steel 
examined  shows  a marked  superiority  over  the  3teel3  containing  molybdenum, 
tho  temperature  for  50  per  cent  shear  fracture  in  the  plain  vanadium  steel 
being  lower  by  30-AO  Centigrade  degree* ■ 

The  Izod  transition  curve  for  the  plain  molybdenum  steel  -A  shows  satis- 
factory agreement  with  results  obtained  from  Charpy  V-notch  tests  carried 
out  on  this  steel  by  Colvilles  Ltd. 5 A comparison  of  the  two  sets  of 
results  is  given  in  Tab}.e  III  which  also  shows  that  the  normalising  con- 
ditions used  here  gave  a good  indication  of  the  properties  to  be  obtained 
from  as-rolled  1-jr  in.  thick  plate.  It  is  likely  that  the  plain  molybdenum 
steel  A would  have  shown  much  better  notch  toughness  at  room  temperature 
if  it  had  been  tempered,  since  Smith  and  Whitman^-  have  shown  that  tempering 
a low-carbon  manganese-molybdenum  steel  more  than  doubles  the  energy 
required  to  fracture  on  Izod  specimen  at  room  temperature.  For  this 
reason  it  is  possible  that  tempering  will  also  lov/er  the  transition  temper- 
ature of  the  plain  molybdenum  s teel. 

TABLE  III 


Comparison  of  Izod  and  Charpy  V-Notch  Tests  on  Steel  A 


Test 

Material 

Condition 

ENERGY  ABSORBED 
(ft.  lb.) 

Temperature 
for  50  per  cent 
shear  fracture 

(°c.) 

at  -20°C. 

at  0°C. 

at  20°C. 

CHARPY 

As-rolled 
I?  in. 
thick 
plate . 

5 

11 

27 

A0 

IZOD 

Normalised 
plate  eq, 
to  1-g-  in. 
thickness 

10 

15 

20 



over  20 

The  lower  transition  temperature  exhibited  by  the  plain  vanadium 
steel  55  is  interesting  and  shov/s  some  agreement  with  the  work  of  Rinebolt 
and  Harris®.  These  investigators  examined  the  effect  of  separate 
additions  of  vanadium  and  molybdenum  to  a steel  of  basic  composition  0,3 
per  cent  C,  1,0  per  cent  Mn.  These  results  showed  that,  whereas  increas- 
ing the  molybdenum  content  raised  the  transition  temperature,  increasing 
the  vanadium  content  raised  and  then  lowered  this  temperature.  The  lower- 
ing of  the  transition  temperature  was  observed  with  a vanadium  content  of 
0.21  per  cent,  v/hich  corresponds  closely  to  that  of  steel  55  (0.22  per 
cent  V). 

It  is  not  possible  to  compare  directly  the  results  obtained  here  with 
those  of  Rinebolt  and  Harris  because  of  the  difference  in  basic  com- 
position of  the  steels  and  other  variables  „ However,  it  is  apparent  that 
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the  improvement  obtained  in  steel  A by  substituting  molybdenum  by  vanadium 
is  much  greater  than- that  obtained  in  the  0.3  per  cent  C,  1.0  per  cent  Mn 
steel. 

This  difference  may  be  caused  by  some  effect  of  alloying  elements  in 
composition  A (Mn,  Or,  Ni  and  Mo)  acting  in  combination  in  a way  different 
from  “their  separate  effects,  or  it  may  bo  duo  to  the  variation  in  carbon 
content,  'e.g.  the  adverse  effects  of  C and  Mo  may  not  bo  additive  when  . , 
the  carbon  content  is  as  high  .as  0.3  per  cent' .in  thie  steel  mentioned  above”. 
It  should  also  bo  rembered  that  tin.  two  series  of  tcst3  being  compared  were 
made  on  Izod  and  Charpy  machines  respectively. and  using  material  in 
different  conditions  of  heat  treatment. 

The  results  given  here  which  refer  to  normalised  3teel,mny  apply  for 
as-rolled  material,  but  it  should  bo  remembered  that  high  values  of  0.02 
per  cent  proof  stress  can  be  obtained1  > ■ by  tempering  certain  molybdenum 
steels  at  600°C,  Also  the  high  values  of  notch  toughness  for  the  plain 
vanadium  steel  may  be  due  in  part  to  the  grain  refinement  produced  by 
normalising,  since  Mackenzie  and  Po vr  have  shown  that  the  notch  toughness 
of  vanadium  steel  is  impaired  by  normalising  from  higher  temperatures. 
Therefore,  the  main  advantage  to  be  gained  by  substituting  molybdenum  by 
vanadium  is  the  attainment  of  a high  0.02  per  cent  proof  stress  without 
recourse  to  tempering,  this  being  achieved  with  little  more  than  half  the 
alloy  addition. 

The  absence  of  the  unresolved  constituent  in  the  steel  which  gave  a 
definite  yield  point  confirms  the  results  reported  earlier1 . It  now  appears 
that  the  element  molybdenum  in  the  steels  examined  is  responsible  for  the 
presence  of  this  constituent  at  the  cooling  rates  involved  (normalised  in. 
thick  material.  This  effect  of  molybdenum  is  probably  duo  to  its  making 
the  transformation  of  austenite  more  sluggish,  a fact  which  is  well  known.- 

The  atomic  volume  of  the  molybdenum  is  much  larger  than  that  of  the 
other  alloying  elements  found  in  steel,  e.g.  Mn,  Ni,  Cr,  Cu,  V.  This  fact 
nay  account  in  part  for  the  narked  effect  of  molybdenum  in  retarding  the 
transformation  of  austenite  at  low  cooling  rates. 

6.  CONCLUSIONS 

It  has  been  shown  that  replacing  the  whole  molybdenum  content  with  a 
lower  vanadium  content  in  certain  experimental  low-alloy  steels  gives 
improved  machanical  properties  and  does  not  result  in  temper  brittleness.- 

The  improvements  comprise  a much  lower  Isod  transition  temperature 
and  the  production  of  a definite  yield  point  with  consequent  high  value  ' 
of  0.02  per  cent  proof  stress,  those  improvements  beini  obtained  without 
reducing  the  weldability  of  the  steels.  - I 

The  mechanical  tests  were  restricted  to  plates  normalised  under 
conditions  equivalent  to  thoa-’  obtained  in  in.  thick  section  and  evidence 
is  given  to  show  that  sone  of  the  results  may  apply  for  similar  as-rolled 
material.  It  is  possible  however,  that  as-rolled  vanadium  steel  may  need 
to  be  normalised  to  obtain  a mere  rofinod  structure  with  consequence  good 
notch  toughness. 

It  has  been  shown  by  refererce  to  earlier  work''  A that  most  of  the 
improvement  gained  by  the  substitution  of  molybdenum  or  vanadium  should  be 
obtained  by  tempering  the  plain  molybdenum  steel  at  600°C. 

4 

The  presence  of  a definite  yield  point  has  again1  been  shown  to  be 
related  to  the  absence  of  an  unresolved  constituent  in  the  steel  micro- 
structure.- This  constituent  has  the  hardness  associated  with  a low-carbon 
martensite  or  lower  bainitc. 
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TRANS'T  ION  CURVES  TOR  STEELS  BASED  ON  COMPOSITION 


Fig, 4-  Structure  containing  unresolved  constituent. 
Molybdenum-containing  steel  A„ 


Fig, 5 Structure  without  unresolved  constituent. 

Molybdenum-free  steel  55, 


Photomicrographs  x 2000.  Specimens  etched  in  2 per  cent  nital. 
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